Pre-mRNA structure impacts many cellular processes, including splicing in genes associated with disease. The contemporary paradigm of RNA structure prediction is biased toward secondary structures that occur within short ranges of pre-mRNA, although long-range base-pairings are known to be at least as important. Recently, we developed an efficient method for detecting conserved RNA structures on the genome-wide scale, one that does not require multiple sequence alignments and works equally well for the detection of local and long-range base-pairings. Using an enhanced method that detects base-pairings at all possible combinations of splice sites within each gene, we now report RNA structures that could be involved in the regulation of splicing in mammals. Statistically, we demonstrate strong association between the occurrence of conserved RNA structures and alternative splicing, where local RNA structures are generally more frequent at alternative donor splice sites, while long-range structures are more associated with weak alternative acceptor splice sites. As an example, we validated the RNA structure in the human SF1 gene using minigenes in the HEK293 cell line. Point mutations that disrupted the base-pairing of two complementary boxes between exons 9 and 10 of this gene altered the splicing pattern, while the compensatory mutations that reestablished the base-pairing reverted splicing to that of the wild-type. There is statistical evidence for a Dscam-like class of mammalian genes, in which mutually exclusive RNA structures control mutually exclusive alternative splicing. In sum, we propose that long-range base-pairings carry an important, yet unconsidered part of the splicing code, and that, even by modest estimates, there must be thousands of such potentially regulatory structures conserved throughout the evolutionary history of mammals.
INTRODUCTION
One of the major difficulties in predicting the outcome of pre-mRNA splicing is that the primary cis-acting elements (donor and acceptor splice sites, branch point, and polypyrimidine tract) per se provide insufficient information for intron detection (Wang and Burge 2008) . Additional instructions for the splicing machinery are encoded in other cis-elements such as splicing enhancers or silencers, which recruit trans-acting protein factors to execute the program of splicing (Smith and Valcarcel 2000) . Different tissues at different developmental stages contain different sets of such trans-factors, resulting in alternative splicing pathways, while the set of cis-elements in the transcript remains unchanged (Pistoni et al. 2010) . Since the discovery of introns in 1977, it has been discussed to what extent the pre-mRNA secondary structure in cis-regulatory regions affects splicing (Solnick 1985; Balvay et al. 1993; Buratti and Baralle 2004; Warf and Berglund 2010) ; however, the cases when interactions of cisacting elements with each other play a more substantial role than do their interactions with trans-factors are believed to be rare or exceptional. Here we revisit this discussion and demonstrate that secondary structure-based mechanisms of splicing could actually be more widespread than it is assumed currently.
To date, only a few sporadic cases of RNA secondary structures that influence pre-mRNA splicing have been documented (for review, see Buratti and Baralle 2004; Warf and Berglund 2010) . In spite of low abundance, these structures are found in many diverse organisms, including yeast, plants, flies, and vertebrates, and have been increasingly reported as being involved in human pathogenic states such as muscular dystrophy, neurofibromatosis, cystic fibrosis, spinal muscular atrophy, fronto-temporal dementia, and parkinsonism (Matsuo et al. 1992; Grover et al. 1999; Kaufmann et al. 2002; Hefferon et al. 2004; Singh et al. 2007) . Two major groups of functional mechanisms, by which RNA structure can affect splicing, have been proposed (Buratti and Baralle 2004) . The first mechanism assumes occlusion or exposure of primary cis-acting elements, i.e., modulation of their accessibility to splicing factors. This appears to be the case, for instance, in the human tau gene, where a hairpin structure interferes with the recognition of the donor splice site (Grover et al. 1999) , or in the fruit fly Adh gene, where a stem structure indirectly promotes the use of a branch point by keeping it in single-stranded conformation (Chen and Stephan 2003) . The second mechanism is indirect and has to do with structure-mediated changes in spatial positioning of cis-acting elements with respect to each other. Examples include the chicken b-tropomyosin gene (Sirand-Pugnet et al. 1995) and the human dystrophin gene (Matsuo et al. 1992) ; in both cases the RNA structure forms a loop that incites the splicing machinery to remove the intron. The effect of looping-out can be explained mechanistically by the hindrance of splice sites that are enclosed in a loop and/or by spatial approximation of distant cisacting elements (Nasim et al. 2002 ). An extreme example of splicing by the looping-out mechanism is the Dscam gene, where competing RNA structures regulate alternative splicing of as many as 48 mutually exclusive exons (May et al. 2011) .
Recently, we performed a large-scale search and reported a set of z200 highly conserved RNA secondary structures in introns of Drosophila genes (Raker et al. 2009 ). The computational strategy was to search directly for long stretches of complementary nucleotides (seeds) in intronic sequences surrounding splice sites, select evolutionarily conserved sequences, and extend them to larger complementary regions called boxes. Technically, it was achieved by using hash tables that establish the correspondence between seeds and sequences in which they were found. The advantages of this approach compared to the methods used in other studies are that (1) it does not require multiple sequence alignments as an input, and (2) it works equally well for the detection of local and long-range base-pairing interactions.
In this work we proceed with this technique in several directions. First, besides fruit flies we also explore other taxonomic groups and predict functional and evolutionarily conserved RNA structures that could be involved in splicing regulation in placental mammals. We estimate that splicing of thousands of mammalian genes is dependent on RNA structures, including ones which act over long ranges. Second, we modified the original approach to look for complementary seeds in arbitrary combinations of sequences surrounding splice sites within each gene. Compared to the procedure in Raker et al. (2009) , which was confined to short windows around the ends of annotated introns, the current approach allows for detection of RNA structures located at arbitrary combinations of donor and acceptor splice sites, some of which do not correspond to any annotated splicing event That is, we not only obtained candidate RNA structures that could be responsible for splicing of known introns but also predicted novel splicing events based on the presence and positioning of the predicted RNA structures. To account for a relatively high false positive rate (from 25% to 45%), we rank the predicted RNA structures by computing individual P-values. Box pairs are classified based on their location with respect to splice sites, and a representative RNA structure is provided for each class. Some genes contained only one pair of complementary boxes (for instance, ZFX, X-linked zinc finger gene, HNRNPK, heterogeneous nuclear ribonucleoprotein gene, ZNF384, CAS-interacting zinc finger protein, SRSF7, SRrich splicing factor, and PRPF39, pre-mRNA-processing factor), while others contained two or even more box pairs (SF1, Splicing Factor 1, and Slc39a7, zinc transporter). Interestingly, many of these genes are splicing factors. As an illustration, we tested one of the predicted structures experimentally using minigenes in human HEK293 cells. Point mutations introduced into the complementary boxes found in the intron between exons 9 and 10 of the human SF1 gene to disrupt the base-pairing between these boxes also changed the splice site choice so that a stronger acceptor site 21 nt downstream from the endogenous acceptor site of exon 10 was used instead. The compensatory mutations which changed box sequences but reestablished their base-pairing also restored the wild-type splicing. In spite of a relatively high false positive rate, we argue that many of the predicted RNA structures could be involved in splicing regulation and reserve their experimental validation to the future work.
RESULTS

Classification of box pairs
Our main postulate is that a pair of complementary boxes is associated with splicing if they are located within short windows around splice sites. The windows are not symmetric and consist of l e nucleotides of the exonic part and l i nucleotides of the intronic part of the sequence (Fig. 1A ). As will be explained below, we keep l e = 0 to reduce the false positive rate, but extending the window into the exon still remains an option. The RefSeq database was used to retrieve primary information about splice sites in humans; the candidate orthologs of splice sites were found by using pairwise genome sequence alignments (see Materials and Methods) . In what follows, by a splice site we assume a human donor or acceptor splice site (according to the RefSeq annotation) which has sufficiently many orthologs in other mammals.
Since each of the two complementary boxes can be located either in a neighborhood of a donor splice site or in a neighborhood of an acceptor splice site, there are four possible arrangements of box pairs (Fig. 1B) . In what follows, they are abbreviated as DD, DA, AD, and AA, with the first letter referring to the splice site of the 59-box and the second letter referring to that of the 39-box. Additionally, in the DD and AA arrangements, the two boxes can be located either at the same splice site, forming a local stem-loop structure, or at two different splice sites (both donors or both acceptors) with base-pairings spanning over longer ranges. These two options are referred to as cis-and trans-arrangements, respectively (Fig. 1B) .
Control procedure
The classic control procedure for the evaluation of significance of predicted RNA structures is to repeat the same search protocol for shuffled nucleotide sequences (Babak et al. 2007 ). However, this approach has fundamental problems when applied to the seed search because the nucleotide shuffling is to be done concordantly in all species, thus involving the construction of multiple sequence alignments as a necessary step. Even if nucleotide sequences were aligned, the shuffling procedure would need to preserve dinucleotide frequencies in order to model the random context for generating RNA structures (Babak et al. 2007 ). For single sequences this is achieved by using Markov models, while for multiple sequences more sophisticated models are required (Gesell and Washietl 2008) . In the previous work, we used a socalled rewiring procedure, in which donor and acceptor splice sites were taken at random from different genes and matched to create a hybrid set of donor-acceptor pairs not corresponding to any existing intron (Raker et al. 2009 ). Here we used a similar strategy in which we randomly picked a pair of splice sites from different genes and exchanged their surrounding sequence windows simultaneously in all species for orthologous splice sites (see Materials and Methods). The exchange was done repeatedly and resulted in a set of quasi-genes, each consisting of noncognate sequence windows drawn from different genes but still equivalent to the original genes in terms of their splicing pattern (splicing annotation did not change).
Since the occurrence of complementary boxes is confounded with nucleotide composition and sequence conservation, the control procedure was used in combination with additional restrictions on the elementary sequence exchange act. The requirement that only sequences with similar GC-content can be exchanged was introduced to account for different probabilities of forming RNA structures in AT-and GC-rich contexts. We also had to account for the fact that it is less unlikely to observe conserved complementary boxes in the nucleotide context with a high overall conservation rate, and thus, we introduced the additional requirement of exchanging sequences that were similar by both GC-content and nucleotide conservation rate.
The rewiring procedure does not make sense for cisstructures because the sequences around splice sites remain unchanged and, therefore, the number of complementary box pairs in cis-AA and cis-DD arrangements after rewiring must be exactly the same as the number of box pairs in the original set. To estimate the rate of false positive predictions for the RNA structures in the cis-arrangement, a procedure that involved shuffling columns of multiple sequence alignments was used instead. The degree at which column shuffling changes dinucleotide frequencies was used as a predictor for the number of complementary box pairs and allowed for estimation of the false discovery rate from a linear model (see Materials and Methods).
Predictions and false positive rate
First we compared the number of complementary box pairs found in windows around splice sites of mammalian genes to the number of box pairs found in control sets (summary statistics in upper part of Table 1 ; the complete list of predictions is in Supplemental Table S1 ). Jointly for trans-and Each of the two complementary boxes (59-box and 39-box) can be located either at donor or at acceptor splice site. If both 59-and 39-box (filled circles) are located at the same splice site (different splice sites), the corresponding structure is referred to as cis-structure (transstructure, respectively). There is no limit on the distance between boxes. Complementary boxes are denoted by dotted arcs. The two-letter code denotes the location of boxes so that, for instance, DA stands for Donor-Acceptor location of 59-and 39-boxes (in this order).
cis-arrangements, the total of 888 box pairs were found by using 9-nt seeds with at most one GT base pair and at least two GC base pairs (see Materials and Methods); the average box length and equilibrium free energy were 9.50 6 0.96 nt and À17.22 6 4.46 kcal, respectively. In each of the four arrangements, DA, AD, trans-DD, and trans-AA, the upper estimate for the false positive prediction rate varied between 26% and 46%, generally increasing with tightening the control procedure constraints. These figures are significantly higher compared to ones in our previous study (Raker et al. 2009) , where the false positive rate was below 10% (because fruit flies are more evolutionarily divergent than mammals), but still are acceptable compared to the estimates reported in other full-genome studies related to RNA structure analysis (Rose et al. 2007) .
Repeating the same search with 10-, 11-, and 12-nt-long seeds results in average false positive rates of 11%, 4%, and <1%, respectively, at the expense of decreasing the total number of predictions to 211, 44, and 9, respectively. Although it might look more advantageous to use 10-nt seeds than 9-nt seeds, the 9-nt cutoff is more reasonable from the thermodynamic point of view. The data on dinucleotide repeats in the human CFTR gene suggest that the free energy of z15 kcal/mol is generally sufficient for a secondary structure to induce exon skipping (Hefferon et al. 2004 ). This energy roughly corresponds to an average perfect 8-nt helix, and thus a 9-nt helix with, at most, one Wobble base pair must be more than sufficient.
While 10-nt-long seeds lead to a significant reduction in the false positive rate, they are also likely to result in a dramatic increase in the false negative rate because the requirement of at most one GT pair per 9-nt seed is already too restrictive for the naturally occurring RNA structures. Note that the hairpins in the b-tropomyosin gene (SirandPugnet et al. 1995) and in the dystrophin gene (Matsuo et al. 1992) do not exceed the limit of seven consecutive Watson-Crick base pairs. The long-range interactions proposed for the docking site and selector sequences of exons 6.5 and 6.12 of the D. melanogaster Dscam gene consist of longer continuous helices, but the longest stretch of complementary bases with, at most, one GT pair consists of exactly 9 nt (Fig. 6 in Graveley [2005] ). We thus decided to keep the 9-nt threshold throughout this report (n = 9 and n GT, max = 1) since it comes out naturally from the biological context of the problem and is consistent with the parameters used in our previous work (Raker et al. 2009 ); the predictions for n = 10 and n GT, max = 1 are listed in Supplemental Table S2 .
Different structure arrangements are associated with different false positive rates (Table 1 , upper part). Most of the statistical questions we will ask later are related to the DA arrangement, where the false positive rate is estimated to be between 28% and 36%. In fact, it is a pessimistic estimate because our procedure for estimation of the false positive rate suffers from systematic bias: sequences that contain similar or repetitive signals lead to increased Not masked trans-DD 161 42.5 6 7.1 (26% 6 4%) 50.1 6 7.8 (31% 6 5%) 72.4 6 7.5 (45% 6 5%) trans-AA 132 57.0 6 8.2 (43% 6 6%) 47.7 6 7.4 (36% 6 6%) 60.9 6 7.1 (46% 6 5%) DA 211 60.1 6 4.2 (28% 6 2%) 61.6 6 4.3 (29% 6 2%) 76.0 6 4.1 (36% 6 2%) AD 212 62.6 6 4.1 (30% 6 2%) 58.1 6 4.0 (27% 6 2%) 80.5 6 4.7 (38% 6 2%) Masked trans-DD 114 34.2 6 4.4 (30% 6 4%) 36.0 6 4.2 (32% 6 4%) 27.6 6 3.5 (24% 6 3%) trans-AA 108 43.1 6 4.6 (40% 6 4%) 42.2 6 4.5 (39% 6 4%) 43.5 6 4.1 (40% 6 4%) DA 167 47.4 6 3.1 (28% 6 2%) 43.8 6 3.2 (26% 6 2%) 50.6 6 3.0 (30% 6 2%) AD 174 44.7 6 3.3 (26% 6 2%) 47.0 6 3.2 (27% 6 2%) 42.9 6 2.9 (25% 6 2%)
Number of box pairs in cis-arrangement
Not masked cis-DD 90 12.1 6 7.4 (13% 6 8%) cis-AA 81 11.5 6 7.0 (14% 6 9%) Masked cis-DD 85 9.3 6 5.6 (11% 6 7%) cis-AA 73 8.1 6 6.9 (11% 6 9%) a
The number of complementary box pairs in DA, AD, trans-DD, and trans-AA arrangements (Search) found with the following search parameters: l i = 150, n = 9, n max (GT) = 1, n min (GC) = 2, e = 3, s min = 9 (see Materials and Methods). Note that exonic sequences are excluded (l e = 0). The columns Control (unconstrained control), Control+GC (control with exchanging splice sites having equivalent GC content), and Control+GC+Cons (control with preserving both GC content and local nucleotide conservation rate) show the average (across permutations) number of complementary box pairs found in the respective control procedures. The numbers after the 6 sign are standard deviations. The estimated percent of false positive predictions (control/search) is given in parentheses. likelihood of having a complementary match even after they are swapped. We thus analyzed the same set of sequences with repeats masked (see Materials and Methods) and found a significant decrease in the number of box pairs predicted for all three control sets, both in terms of absolute values and relative proportions. This confirms that the occurrence of complementary box pairs is enhanced by the repetitive nucleotide context, as was reported previously in the case of exon skipping induced by dinucleotide repeats (Hefferon et al. 2004 ). Although 30% is a pessimistic upper estimate of the false positive rate for the DA arrangement, it still indicates that it is, indeed, not too unlikely to find conserved complementary 9-mers at a pair of randomly chosen mammalian splice sites. We thus ranked our predictions by computing P-values for each individual box pair (see Supplemental  Table S1 ); it was done by taking into account the nucleotide context and local nucleotide conservation rate, as in Raker et al. (2009) .
Cis-DD and cis-AA structures were subject to a different control procedure. The false positive rate estimated from the linear model was much lower compared to the figures obtained for the rewiring control (Table 1 , lower part). Most likely, this difference is not due to a fundamental distinction between cis-and trans-structures but rather reflects the fact that the two control procedures are referencing different null hypotheses. Since the estimates obtained from the linear model are inherently confounded with the stage of multiple sequence alignment, we did not pursue this control procedure any further.
We took a separate look at the complementary boxes in five primates (human, chimpanzee, rhesus, orangutan, and gorilla). The total of 53,774 box pairs was predicted to be conserved in these species vs. z37,500 6 2500 box pairs in GC-and conservation-constrained controls. Even considering the 95%-confidence upper limit of two standard deviations from the mean, we are left with some 10,000 splicing-associated box pairs conserved in five primates.
Statistical properties of box pairs
Recall that we search for conserved complementary sequences at all possible combinations of splice sites within each gene, not necessarily for ones that were reported as splicing events (here, by a splicing event we assume a pair of splice sites that are known to be intron ends). We thus asked what fraction of predicted complementary box pairs correspond to annotated splicing events relative to two annotations: the smaller set of introns was taken from RefSeq; the bigger set contained both RefSeq introns and the results of mapping of the RNA-Seq data from Illumina Human Body Map on all possible exon junctions generated from RefSeq (see Materials and Methods). Introns contained in these two databases are referred to as RefSeqconfirmed and RefSeq+RNA-Seq-confirmed, respectively (an intron is said to be confirmed by RNA-Seq if the corresponding splice junction is covered by a number of reads in any of the Human Body Map tissues). In what follows, we count the proportion of box pairs in DA arrangement that correspond to RefSeq-confirmed or RefSeq+RNA-Seq-confirmed introns.
We observed that z30% of predicted box pairs were associated with RefSeq-confirmed splicing events, while in the control sets, the respective fraction was approximately twofold smaller ( Table 2 ). The addition of introns derived from RNA-Seq data increased the proportion of predicted box pairs corresponding to confirmed splicing events to z40%, with the proportional increase to z20% in the control sets. It would be quite unlikely to observe such a difference in proportions (P-value ffi 0) unless some of these boxes were, indeed, associated with splicing. At that, the proportion of box pairs corresponding to actual splicing events must be even higher since many splice isoforms could be specific to certain tissues, conditions, or developmental stages. For instance, a previously unknown splicing event was reported for the insect Atrophin gene along with a splicingrelated RNA structure (Raker et al. 2009 ). Here, we also report a suboptimal splice site for the human SF1 gene (see below).
Different subtypes of splicing events were not evenly represented among annotated splicing events for which complementary box pairs were predicted. We now ask what fraction of box pairs in the DA arrangement correspond to RefSeq-annotated splicing events. Figure 2 shows that z33% of such box pairs correspond to alternative splicing events, while only 10% is expected for a random sample of the same size (P-value ffi 0). Relative to all splicing events, almost all subtypes of alternative splicing were observed with frequencies that were higher than could be expected for a simple random sample of the same size. However, when compared to alternative splicing events, the alternative acceptor site usage category remains significantly overrepresented (data not shown). A similar pattern, including overrepresentation of boxes in introns with alternative acceptor site usage and overrepresentation in introns containing an alternative polyadenylation site, was previously seen in insect introns (Raker et al. 2009 ). Several studies reported inhibitory impact of RNA structures on the selection of weak splice sites (Singh et al. 2007; Raker et al. 2009 ). We thus asked whether complementary box pairs are associated with splice sites which differ from the other splice sites in terms of their strengths defined by the scoring matrices which measure the distance between the splice site sequence and the consensus. Figure 3 shows box plots for strengths of human donor and acceptor splice sites. As expected, alternative donor and alternative acceptor splice sites were, on average, weaker than the respective populations. However, acceptor splice sites with boxes were, on average, even weaker than alternative acceptor splice sites (t-test, P-value = 0.021), while strengths of donor splice sites with boxes did not differ significantly from those of all alternative donor sites (P-value $ 0.05). In conjunction with the consistent overrepresentation of boxes in introns with alternative acceptor site usage, these results imply that RNA secondary structures that affect splicing are preferentially associated with weak alternative acceptor splice sites.
This association, however, seems to be dependent on the arrangement of complementary boxes at splice sites, as suggested by the proportions of cis-DD and cis-AA boxes located at splice sites that are used alternatively (Table 3 , lower part). Alternative donor splice sites contain local complementary box pairs more frequently than would be expected at random (t-test, P-value = 0.014), consistent with what has been reported previously for local RNA structures at human splice sites (Shepard and Hertel 2008) . Alternative acceptor splice sites are not significantly enriched with local RNA structures (P-value $ 0.05). We thus hypothesize that local and long-range RNA structures serve different purposes when regulating alternative donor and acceptor splice site usage. The tendency is that local structures are more likely to be associated with alternative donor splice sites, while long-range structures (ones forming intronic loops) prefer to be involved in the selection of alternative acceptor splice sites.
The essential feature of the group of RNA structures reported for the Dscam exon 6 cluster is that the mutually exclusive pattern of splicing appears as a result of mutually exclusive base-pairing between the docking site and the selector sequences (May et al. 2011 ). We thus asked whether similar patterns occur among our predictions. To address this, we again considered the DA arrangement of boxes and computed the proportion of donor-acceptor splice site pairs, in which one of the splice sites is associated with more than one complementary box (Table 3 , lower part). These differences in proportions are statistically significant (P-value < 0.05), suggesting that Dscam is not the only example of mutually exclusive RNA structures affecting alternative splicing. Indeed, the structure-based mechanism of exon selection in Dscam seems to be a fundamental principle of splicing pertaining to living systems much more ancient than fruit flies. It has been conserved for over 40 million years of evolution of Drosophila species, so there is no reason to believe that a similar mechanism would be lost in mammals. A possible mammalian gene that could be spliced in an RNA structure-dependent manner is Titin. According to our predictions, Titin has 22 pairs of conserved complementary boxes, many of which overlap (Supplemental Table S1 ). Whether or not these structures are functionally related to splicing, their complete list and to what extent they explain intricate splicing patterns of Titin will be explored in future studies.
Case studies
Below, we discuss in detail several mammalian genes for which conserved complementary box pairs were predicted FIGURE 2. Classes of annotated splicing events associated with RNA structures in DA arrangement. The observed proportions are shown relative to the total number of predicted structures corresponding to RefSeq-confirmed splicing events. The expected percentages were computed based on the population proportions for a random sample of the same size. Error bars denote standard errors for proportions (Samuels and Witmer 2003) . Types of splicing events (not mutually exclusive) are: alternative (Alt; see Materials and Methods for definition), alternative acceptor site (Acc), alternative donor site (Don), intron-containing internal polyadenylation site (PolyA), intron-containing alternative transcription initiation site (Tx init), intron containing one or multiple cassette exons (Cas Exn).
FIGURE 3. Distributions of splice sites strengths (see Materials and Methods) of donor (left three box plots) and acceptor (right three box plots) splice sites associated with RNA structures (Boxes) compared to the corresponding distributions of strengths of all (All) and alternative (Alternative) splice sites. Acceptor, but not donor splice sites, associated with RNA structures are (on average) weaker compared to alternative splice sites. and conjecture on the mechanistic aspects of their splicing regulation (Figs. 4-9) . The examples were chosen to illustrate the four possible box arrangements, DA (Figs. 4B-D, 6C), AD (Fig. 7B) , DD (Figs. 4C, 6B , 9B,D), and AA (Fig.  8B,D) . The first two examples, SF1 (Fig. 4) and ZIP7 (Fig. 6) , also serve to demonstrate mutually exclusive RNA structures. In spite of a high overall false positive rate, these particular predictions are significant statistically, as indicated by the P-values (see below). The complete list of all predicted box pairs with corresponding P-values is given in Supplemental Table S1 .
Multiple box pairs in SF1 gene
The mammalian gene SF1 (Splicing Factor 1) consists of fourteen exons, some of which are spliced alternatively, and contains ten conserved boxes, as shown in Figure 4A . Some of the boxes form mutually exclusive combinations: For instance, only one of the two boxes, box C or box E, can base pair with box F (Fig. 4B-D) . Note that nucleotide sequences of all boxes are longer than 12 nt and are wellconserved across mammals. The individual P-values for these predictions are: 10 À19 for the box E-box F pair, 10
À17
for the box C-box F pair, 10 À14 for the box G-box I pair, and 10
À12 for the box G-box H pair, that is, the structures formed by these box pairs are very unlikely to occur at random, considering the nucleotide context and the sequence conservation rate at the corresponding splice sites.
We hypothesize that the intron spanning between exons 9 and 10 would not be spliced unless box E is paired to box F (Fig. 4B) . Indeed, the acceptor site of exon 10 is much weaker than are acceptor splice sites on average (z = À2.61) since it ends with TAG and is missing most of its polypyrimidine tract (PPT). Additionally, the intron between exons 9 and 10 contains a premature stop codon and, if retained, would have led to degradation of the SF1 mRNA by nonsense-mediated decay (NMD). Unless degradation by NMD is an endogenous pathway of SF1 silencing, it can be escaped by alternative splicing. As suggested by the box F-box C structure, one of the alternative splicing options is to excise the entire region between exon 3 and exon 10 (Fig. 4C) . Indeed, splicing from exon 3 to exon 10 is supported by exon junctions in the RNA-Seq data (ERX011193, lymph node, and ERX011194, thyroid tissue). Remarkably, box C and box F are separated by 6000 nt, which makes their complementarity essentially invisible for most of the methods based on thermodynamic RNA folding.
In the minigene that contained a part of SF1 spanning exons 9 and 10, we introduced two point mutations to the sequence of either box E or box F to disrupt their basepairing (Fig. 5A,C) . Contrary to what was expected, it resulted in the excision of a longer intron, while the intron retention was only a minor splicing product (Fig. 5B) . Further sequencing revealed that a distal acceptor site located 21 nt downstream from the endogenous acceptor site of exon 10 was used in these mutants (Fig. 5D) . However, the distal acceptor site was suppressed, and the splicing pattern returned to that of the wild type when the base-pairing was reestablished by mutating both boxes simultaneously (box E/F) (Fig. 5B) . We thus conclude that the structure formed by box E and box F is critical for the wild-type splicing of this intron.
Since the base-pairing does not seem to block any ciselements and the sequence of the downstream acceptor site is closer to the consensus than is the sequence of the endogenous acceptor, the most plausible mechanistic explanation is that the stem formed by box E and box F changes the RNA conformation so that the endogenous acceptor site gets a competitive advantage over the distal splice site. This makes it critically different from the RNA structure modulating alternative acceptor site usage in the Atrophin gene, where the base-pairing was also long-range but repressive (Raker et al. 2009 ).
Additionally, we searched through the EST databases and found that the usage of the distal acceptor site of exon 10 was also observed in an adenocarcinoma cell line of breast cancer (GenBank Acc: BU538236), in an adenocarcinoma cell line of uterine cancer (GenBank Acc: BE562836), in a transitional papilloma cell line (GenBank Acc: BG286746), as well as in normal adult and fetal brain tissues (GenBank Acc: DA030484 and D56431). The alternative splicing product corresponding to the distal acceptor site of exon 10 is missing the heptapeptide SLMSTTQ, in which the middle serine residue (S52) is likely to be a phosphorylation site, as predicted by NetPhos 2.0 Server (Blom et al. 1999 ). We thus hypothesize that the SF1 protein lacking the S52 Proportions of mutually exclusive complementary box pairs among predicted RNA structures in DA arrangement, as compared to the control (see Table 1 ). Mutually exclusive RNA structure is defined as two complementary box pairs corresponding to two donor-acceptor splice site pairs with either the same donor site spliced to different acceptors (same D, different A) or alternative donor sites spliced to the same acceptor site (same A, different D).
In most of the cases, the boxes located in the same sequence window overlapped, although it was not required.
phosphorylation site, possibly as a result of structural changes in its pre-mRNA, has an altered function that could be implicated in carcinogenesis. Another pair of competing RNA structures in the SF1 transcript is located between exons 12 and 13 (box G and box H), with an additional box I downstream from exon 13. Box H and box I are both complementary to box G and cannot pair with it at the same time. The nucleotide sequence of box G consists mainly of G and T residues forming repetitive patterns (such as GGGT), while box H and box I are both C-rich. We hypothesize that base-pairing between box G and box I would lead to splicing of the intron from exon 12 to exon 14 (Fig. 4D) . Then, it is plausible that the structure formed by box G and box H would loop out the intron between exons 12 and 13, thereby promoting exon 13 inclusion (Fig. 4E) . Both exon 12 to exon 13 and exon 12 to exon 14 splicing patterns are confirmed by RefSeq (Karolchik et al. 2003) . However, it could also be that box H constitutes a part of the PPT preceding the acceptor splice site of exon 13, and then the base-pairing of box G and box H would suppress splicing of the intron between exons 12 and 13. Here we are reminded that the observed association between occurrence of complementary boxes at splice sites does not allow any conclusion about causality or even the direction of splicing regulation.
Other case studies
Another pair of mutually exclusive RNA structures was found in the Slc39a7 gene (also known as ZIP7) which encodes a transporter involved in zinc homeostasis of the Golgi apparatus (Huang et al. 2005) . The Slc39a7 mRNA (Fig. 6A) contains two pairs of complementary boxes, box A-box B (P-value ffi 10
À18
) and box B-box C (P-value ffi 10 À13 ). In spite of having two donor sites in exon 2 and two acceptor sites in exon 3, not all four possible combinations of these splice sites are expressed. In all transcripts of this gene, the 39-most donor site of exon 2 is used together with the 59-most acceptor site of exon 3 or, vice versa, the 59-most donor site of exon 2 is used with the 39-most acceptor site of exon 3. Scoring matrices show that the former pair of splice sites is stronger than the latter pair and, thus, the longer intron is excised when the RNA structure formed by box B and box C masks stronger splice sites (Fig. 6B) . Interestingly, a part of the sequence of box B is also complementary to box A located in the upstream intron, and the RNA structure formed by box A and box B is more stable compared to the one formed by box B and box C (Fig. 6C) . Thus, if box B is paired with box A, then it cannot pair with box C, releasing stronger splice sites and promoting excision of a shorter intron, while if box A is not available, then box B can pair with box C, occlude the pair of strong splice sites, and lead to excision of a longer intron. Although the structure formed by box A and box B overlaps very little with the U2AF binding region of the 39-most donor splice site of exon 2, it is not clear to what extent this donor site can be accessed by the spliceosome. Our prediction that the structure formed by box A and box B can induce exon 2 skipping is supported by the RNA-Seq data (ERX011184, ovary tissue), which contains exon 1-exon 3 junctions.
Although introns containing cassette exons are associated with boxes as frequently as are other alternative splicing events, we find many interesting examples of complementary boxes corresponding to looping-out of cassette exons. One of these examples is the X-linked zinc finger gene ZFX, which contains a pair of boxes in AD arrangement flanking the ends of exon 10 (Fig. 7A ). The positioning of box A and box B (P-value ffi 10 À13 ) suggests that they form a loop that can promote exon 10 skipping (Fig. 7B) . Another example is the heterogeneous nuclear ribonucleoprotein gene HNRNPK with two complementary boxes in trans-AA arrangement (P-value ffi 10 À9 ) (Fig. 8A,B) . In both ZFX and HNRNPK, the exons flanked by complementary boxes are known to be spliced as cassette exons (Karolchik et al. 2003) . Another AA structure, this time in cis-arrangement, is located upstream of exon 10 of the ZNF384 gene, which encodes a CASinteracting zinc finger protein (P-value ffi 10 À7 ) (Fig. 8C) . In this case, the G-rich box A is complementary to the C-rich box B, which presumably constitutes a part of the PPT preceding exon 10 (Fig. 8D) . Although the acceptor site of exon 10 is used in all splice isoforms of this gene either in combination with the donor site of exon 8 or exon 9, it still could be suppressed in the conditions when box A is paired to box B. Examples of RNA structures masking PPT or a branch point have been reported (Chen and Stephan 2003) . Secondary structure formed by the conserved boxes affects acceptor site usage. mRNA products expressed from wild-type (wt) minigene and minigenes mutated within conserved boxes E, F, or both (E/F) were reverse-transcribed and analyzed in 2% agarose gel. (M) size markers (100 bp DNA ladder), (C) control (PCR in the absence of template). The addition (+) or absence (À) of the reverse transcriptase (RT) enzyme to the reaction is indicated. The positions of unspliced (578-bp) and spliced (317-bp and 296-bp) products are shown on the right. (C) Predicted base-pairing for the wild type, box E, box F, and box E/F mutants (point mutations are shown in boldface), with the estimated equilibrium free energies. The box E sequence is shown above the box F sequence. (D) Comparing the nucleotide sequences of alternatively spliced products of minigenes: wild type and box E/F mutant (upper) and box E and box F mutant (lower).
The complementary boxes in the SRSF7 gene, the serine/ arginine-rich splicing factor, are arranged in trans at the donor splice sites of exons 6 and 7 (P-value ffi 10 À21 ) (Fig. 9A) . According to splicing annotation, the exon between box A and box B is a cassette exon, suggesting that the mechanism of splicing of this exon could also be related to the RNA structure formed by box A and box B (Fig. 9B) . The conservation of boxes can be traced up to platypus, with the seed conserved across almost all placental mammals and the rest of the box divergent in terms of nucleotide sequence but conserved in terms of base-pairing. If the seed region were not conserved up to platypus, this method would not have been able to detect such structure because of the limitation on the number of mismatches between seeds found in different species.
The cis-DD structure observed in the PRPF39 gene (premRNA-processing factor 39) is a stem-loop located downstream from the donor splice site of exon 3 (P-value ffi 10 À11 ) (Fig. 9C ). This splice site was reported to be used in all FIGURE 6. (A) Splicing schema of the gene Slc39a7 (also known as Ke4, ZIP7), which encodes a transporter involved in zinc homeostasis (Huang et al. 2005 ). Box A is complementary to box B (DD arrangement, P-value ffi 10 À18 ). Box B is complementary to box C (DA arrangement, P-value ffi 10
À13
). The 39-most donor splice site of exon 2 and the 59-most acceptor splice site of exon 3 are either both used or both not used, as shown by the lines. (B,C) The rest of the legend is the same as in Figure 4 . variants of PRPF39 mRNA with the exception of a few minor isoforms (BG704939), in which a downstream cryptic splice site was used (shown by the arrow in the alignment in Figure  9D ). The sequence of this downstream cryptic splice site has a higher consensus score compared to that of the endogenous donor site (GUAAGC vs. GUGCGU), thus suggesting that the stem-loop structure formed by box A and box B is used to suppress aberrant splicing. It can be noted that many of the genes in Figures 4-9 are functionally related to RNA processing: SF1 is a splicing factor, SRSF7 is a serine/arginine-rich protein, PRPF39 is a pre-mRNA-binding factor. In fact, RNA metabolic processes (GO:0016070), multicellular organismal development (GO:0007275), and system development (GO:0048731) were the top three biological process ontologies significantly overrepresented in the set of genes associated with RNA structures (P-values < 10 À25 ). Molecular functions of genes in this set were significantly biased toward nucleic acid binding (GO:0003676) and RNA binding (GO:0003723) (P-values < 10
À10
). This observation could support the hypothesis that the alternative splicing of genes that are responsible for RNA binding and possibly constitute parts of the spliceosome could be regulated by a mechanism that avoids the use of protein trans-factors, which would particularly include products of these genes themselves.
DISCUSSION
The main advantage of the approach presented in this work is that it does not depend on multiple sequence alignments and works equally well for local and long-range RNA structures. This is achieved by using hash tables, which appoint to each n-mer subsequence (seed) the list of sequence windows (or, equivalently, splice sites), in which it occurs. The position of the seed within the window is not important; it only matters that a given n-mer is observed at a given splice site. After that, the question of complementarity or sequence conservation translates into the set-theoretic language of intersections and reverse complements of hash tables. Despite computation time being linear, the storage grows exponentially with increasing seed length, so the approach becomes almost impractical for n > 12. However, for a large enough n (namely, for n $ 8), the occurrence of a pair of conserved complementary n-mers becomes a rare enough event that it can be used as an indicator for the existence of a secondary structure, however at the false positive rate as high as was reported.
One important feature of the RNA structure is its ability to form groups of mutually exclusive boxes that switch between alternative splicing pathways. As shown in Figures  4 and 6 , the RNA structures associated with multiple splicing events within one gene can function both independently (for instance, box E-box F vs. box G-box H in Fig. 4) and cooperatively (box A-box B vs. box B-box C in Fig. 6 ). Considering that the evolution of cis-regulatory elements generally occurs faster compared to the modules, in which cis-elements are evolving together with transactivating factors, this opens the possibility for creating regulatory networks of tremendous combinatorial complexity, which could control expression of thousands of splice isoforms from a single gene. A well-known but, as we predict, not the only example of such a network of regulatory RNA structures is the Dscam gene, which is able to produce as many as 38,000 isoforms by alternative splicing of four variable exon clusters (May et al. 2011) .
One of the main arguments against the occurrence of long-range RNA structures is that the distantly located parts of the pre-mRNA may have little or no chance to interact, although in some cases such interactions have been reported to be essential for the proper folding and functioning of large biologically active RNAs (Parsch et al. 1997; Conn and Draper 1998) . This argument concerns, for instance, the interaction between box C and box F and the role it plays in splicing of the SF1 gene (Fig. 4) . Indeed, splicing from exon 3 to exon 10 is supported by RNA-Seq reads in at least two tissues. The equilibrium free energy of the 13-nt helix formed by these boxes, which loops-out some 6000 nt, is zÀ24.6 kcal/mol, which corresponds to the order of decay times of zseveral years (Danilova et al. 2006) . Perhaps, it is not a question of whether or not the free energy gain from base-pairing is sufficient to cover the free energy cost of loop formation but rather a question of what is the likelihood of box C-box F nucleation relative to the time frame of splicing reaction. In order to address this, one needs to know the actual size of the loop between box C and box F, which depends on how the entire pre-mRNA molecule is folded in between these boxes, and also take into account kinetic factors, including the rate of pre-mRNA production. Our recent results on the Nmnat gene in Drosophila indicate that the mechanism by which long-range RNA structures affects splicing is tightly coupled to transcription and polyadenylation (Raker et al. 2009 ).
Recently, a large number of RNA structures were predicted to affect pre-mRNA splicing by genome-wide surveys based on thermodynamic folding alone (Hiller et al. 2007) or on its combination with phylogenetic approaches (Rose et al. 2007; Shepard and Hertel 2008) . Thermodynamic folding, however, is efficient only for short sequences, thus restricting the search space to local RNA structures and leaving the looping-out mechanism out of consideration. The constraint of no pseudoknots, which is inherent to the dynamic programming core of thermodynamic models, reduces the search space to nested structures and also results in incorrect predictions: the further apart complementary sequences are from each other, the higher the chance that one of them will be looped-out by local base-pairings and become invisible for the other. All attempts to apply the thermodynamic folding outside of the nested paradigm eventually encountered the problem of loop energy estimation, which undermined their experimentally measured thermodynamic virtues (Zhang et al. 2009 ). Yet another fundamental problem in many genome-wide studies stems from the ab initio use of genomic sequence alignments. Multiple sequence alignments, by definition, assume sequence, not structure conservation, leading to a dramatic increase in the number of misaligned structures when the nucleotide conservation rate is low (Meyer and Mikló s 2005) .
The cotranscriptional nature of RNA folding is another argument against the use of purely thermodynamic models for predicting secondary structure of long RNA molecules. Kinetic aspects significantly impact spliceosomal assembly, including the order in which cis-regulatory elements get exposed to splicing factors, and lead to the formation of suboptimal structures which, in principle, have to be considered as a part of the folding path of nascent RNA molecules (Meyer and Mikló s 2005) . Besides that, the free energy-based model contains numerous parameters along with a noticeable degree of sensitivity to their numerical values, which is particularly important for longer molecules where energy calculations accumulate huge statistical errors (Layton and Bundschuh 2005) . While there is no doubt that the thermodynamic folding is the best and the most realistic way to model secondary structure of small RNA molecules, at a megabase scale and with many auxiliary factors bound to pre-mRNA in the living cell, a more coarse structure prediction instrument such as the one described here seems to be of better use.
The cross-species pattern of presence or absence of RNA structures (Supplemental Table S1 ) could be related to species-specific alternative splicing. For instance, one might expect that if a pair of boxes is present in one species and absent in another, then the corresponding intron would be spliced in the former but not the latter. However, currently there is still not enough expression data to reliably address this. Although the presence of RNA structure at alternatively used splice sites is a good indicator of a regulatory mechanism associated with it, the set of regulating factors is yet to be identified and, generally, there is no reason to expect the same splicing outcome in different species even when the RNA structure is completely conserved. Additionally, the links to phenotype are confounded with quantitative changes. For instance, the disease phenotype of cystic fibrosis results from the changes in relative amounts of two splice isoforms of the CFTR gene as a consequence of changes in the amount, not simply the presence or absence of RNA structure (Hefferon et al. 2004) .
In sum, we propose that the previous genome-wide studies uncovered only a small fraction of RNA structures that are functionally related to splicing. Even with the false positive rate as high as reported here, we find strong statistical evidence for association between alternative splicing and conserved complementary sequences located near mammalian splice sites, including ones that are separated by thousands of nucleotides. Taken together with our previous report on conserved RNA structures in Drosophila (Raker et al. 2009 ), these results strongly suggest that RNA secondary structure plays an important, yet underestimated role in the regulation of pre-mRNA splicing.
MATERIALS AND METHODS
Splicing database
The splicing database was created from the human RefSeq data (Feb. 2009 human genome assembly, GRCh37) obtained from Karolchik et al. (2003) . It contained z383,000 splice sites, 200,000 introns, and 213,000 exons. Additionally, a data set consisting of 80,000 introns was inferred from the mapping of RNA-Seq data onto intra-genic splice junctions formed by RefSeq exons (see below). Where required, the repeats from RepeatMasker and Tandem Repeats Finder (with the period of 12 nt or less) were masked (Karolchik et al. 2003) .
The orthologs of human splice sites in other species were derived using pairwise nucleotide BLASTZ chain alignments (Karolchik et al. 2003) of Homo sapiens with each of the following species (abbreviations in parentheses denote UCSC version numbers): Callithrix jacchus (calJac3), Mus musculus (mm9), Canis familiaris (canFam2), Felis catus (felCat4), Bos taurus (bosTau4), Equus caballus (equCab2), Cavia porcellus (cavPor3), Loxodonta africana (loxAfr3), Oryctolagus cuniculus (oryCun2), Ornithorhynchus Conserved RNA structures at mammalian splice sites www.rnajournal.org 13
Cold Spring Harbor Laboratory Press on November 22, 2012 -Published by rnajournal.cshlp.org Downloaded from anatinus (ornAna1), Anolis carolinensis (anoCar1). If a splice site was contained in more than one chain, we selected the combination of chains to maximize the number of splice sites aligned per gene. Approximately 301,000 splice sites had orthologs in at least 9 of 12 species. In the analysis of five primates, we used pairwise alignments of H. sapiens with Pan troglodytes (panTro3), Gorilla gorilla (gorGor1), Pongo abelii (ponAbe2), and Macaca mulatta (rheMac2). Approximately 365,000 splice sites had orthologs in all five species.
RNA-seq data analysis
The human transcriptome sequencing data were retrieved from the NCBI Sequence Read Archive (Illumina Human Body Map 2.0 Project, SRA ID ERP000546). Sixteen 2 3 50 bp paired end data sets corresponding to various tissues were mapped to all possible intragenic splice junctions composed of exonic sequences of a length 45 bp from the splice site. The junction length was set to 2 3 45 bp to avoid reads mapping to one half of the junction only. Paired end reads of 2 3 50 bp were selected because longer reads would lead to skipping of shorter exons while mapping to splice junctions.
Reads were aligned to the splice junctions with the program Bowtie (Langmead et al. 2009 ). The number of allowed mismatches was set to two. On average, 9.0% of reads were mapped uniquely to splice junctions (230 of 2557 million reads in sum). Reads that mapped to multiple locations in the human genome were discarded (0.8%, or 21 million reads). Normalization steps such as computation of RPKMs were not necessary because tissues were not compared to each other and a positive number of reads was counted as a confirmation regardless of their quantity.
Seed search and controls
The seed search algorithm and the corresponding control procedure are explained in detail in Supplemental Material. The default parameters were: l e = 0, l i = 150, n = 9, n max (GT) = 1, n min (GC) = 2, e = 3, and s min = 9. Local sequence homology was estimated as explained in Edgar (2004a,b) . The core of the method was implemented in C++ (seed search); the source code is available at http://bioinf.fbb.msu.ru/zdp/rna/. The auxiliary procedures for representation of the results were implemented using PERL, R-statistics, and L A T E X.
Consensus scores of splice sites
Splice site strengths were computed based on scoring matrices inferred from the position-weight matrix (Mount et al. 1992 ). The windows of 3 nt upstream of and 5 nt downstream from (12 nt upstream of and 2 nt downstream from) donor (respectively, acceptor) splice sites were considered. Nucleotide frequencies were converted using log 2 -transform and scaled from 0 to 100 for each position. The strength of an individual (donor or acceptor) splice site was computed as a sum of scores over all positions in the respective windows (À3 to +5 for donors; À12 to +2 for acceptors) and converted to a Z-score by subtracting the average splice site score and dividing the result by the standard deviation (separately for donors and acceptors). In all species, the respective distributions were mound-shaped and fairly symmetric (data not shown), so it was not unreasonable to assume a normal distribution for splice site strengths.
Statistical inference
Throughout the article, we report one-tailed P-values. The computation of P-values for individual box pairs was carried out as in Raker et al. (2009) (see Supplemental Material for details). The significance level of 5% was assumed in all tests. Tests of significance for proportions were performed using the one-sample z-test for np > 5, and using the Poisson approximation to the binomial distribution for n # 5, where n is the sample size and p is the population proportion. The reference population was defined uniquely by the context in each test. The number that follows the 6 sign denotes the standard deviation. Statistical analysis of gene functions was carried out by using the GOstat software with the Benjamini correction for multiple tests (Beißbarth and Speed 2004) .
Minigenes and splicing assay
A minigene containing part of exon 9, intron 9, and part of exon 10 of the human SF1 gene was amplified from genomic DNA using High Fidelity PCR Enzyme Mix (Fermentas), cloned in pGEM-T Easy vector (Promega), and verified by sequencing. The minigene was inserted into the pRK5 plasmid containing CMV enhancer/promoter and SV40 polyadenylation signal. Human HEK293 cells were transfected using Lipofectamine (Invitrogen). Cells were harvested 24 h later, and RNA was purified using RNAspin Mini kit (GE Healthcare). Reverse transcription was carried out on 1 mg of RNA with oligo-dT primer using the ImProm-II Reverse Transcription System (Promega). PCR was performed with the plasmid-specific forward primer and the reverse primer specific for exon 10 of the SF1 gene in 1/40 of reverse transcription mixture. Controls were done without the addition of reverse transcriptase to differentiate between RNA and DNA amplification. Amplicons of splicing products were visualized on 2% agarose gels, and bands were excised from the gel. DNA fragments were isolated with GFX PCR DNA and the Gel Band Purification kit (GE Healthcare), cloned into pGEM-T Easy vector (Promega), and identified by sequencing. Mutagenesis was performed using two rounds of PCR with mutagenic primers, and resulting mutants were verified by sequencing.
SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
